A phantom with heating of tissue-equivalent material has been designed to elaborate the method of ultrasound thermometry. Algorithms have been developed to evaluate backscatter ultrasound signals shift caused by temperature-sensitivity of the speed of sound. Time-dependent material temperature field needed for estimation of the method accuracy was measured with thermistor probes.
1.
Objectives High Intensity Focused Ultrasound is widely used in various fields of medicine [1] . Ultrasonic devices for blood coagulation in therapy of vascular injury and internal organs, for veins obliteration, as well as for ablation of breast and thyroid tumors are currently under extensive development worldwide. Our experience in this area was partially presented in [2] , where special equipment for testing of focused ultrasound devices are described.
For carrying out of hyperthermia process and for its efficiency control a real-time temperature monitoring is needed. Currently, the magnetic resonance method is the only one available for noninvasive thermometry, but it requires rather expensive equipment and has a low temporal resolution. Ultrasound thermometry considered as an alternative, cheap and fast, non-invasive technique is under development for about 20 years [3] . It has already shown good results during tests using various ultrasonic phantoms [4] , as well as biological tissues and living organisms, but clinical applications of the technique is yet to come.
The present contribution covers description of equipment used for development and optimization of the ultrasound thermometry, as well as algorithms for backscatter ultrasound signal data-processing. It is a step to get an effective and low-cost high-precision medical tool via combination of therapeutic and diagnostic ultrasound devices.
2.
Methods Ultrasound thermometry technique is based on phenomenon of the speed of sound change due to a temperature increase. This phenomenon causes a time shift of the backscatter ultrasound signals from a heated material relative to the reference signal of the unheated material. The temperature increase, T  , at a current point can be calculated as TK   , where  is the so-called ultrasound signal thermal shift strain defined as
  , where z is a coordinate along the ultrasound beam direction and K is a material dependent coefficient [3] .
Phantom with a tissue-equivalent material (agar-agar filled with graphite) is used in the present work. The material simulates density (1050 kg/m 3 ), speed of sound (1550 m/s), attenuation coefficient (0.7 dB/(cmMHz)), heat capacity (3700 J/kg°C) and heat conductivity (0.59 W/m°C) of a biological tissue. Nearly two-dimensional temperature field is created by heating a nichrome wire, 0.3 mm diameter and 150 mm length, located inside the material at the depth of 20 mm (Figure 1) .
During heating the wire the material temperature at chosen distances from the wire is measured with six thermistor probes. The heating time, t, is counted from switching-on the DC power supply. The temperature measurement uncertainty is estimated as 0.1 °C. Simultaneously with measurements of time-dependent material temperature (results are illustrated in Figure 2 ), ultrasound signals are registered near the heated wire in an ultrasound-linear-transducer scanning plane, 20 mm width and 10 mm depth, perpendicular to the wire. An array of data for one record includes 161x512 values of ultrasound signal. In order to eliminate the temperature probes influence on the ultrasound signal and taking into account the temperature field uniformity along the wire, zones for temperature measurement and for ultrasound scanning are separated in space, as shown in Figure 3 . Figure 4 shows the temperature increase profile ΔT(z) measured at t=20s with six probes positioned in the y=0 plane ( Figure 3 ). The depth coordinate, z, as well as the transversal coordinate, y, are counted from straight lines passing through the heated wire center. The profile covers experimental points obtained from measurement data averaged over 5 experiments. The approximation/interpolation curve shown was obtained with the least-squares smoothing procedure. The measured temperature increase profile in the vicinity of the heated wire at instant of 20s data of 6 temperature probes and an approximation curve Figure 5 illustrates the time shift of the ultrasound signal of the heated material relative to the reference signal. In [3, 5] the time-shift is evaluated by a cross-correlation procedure. We suggest an alternative procedure, which demands less calculation and is accurate enough. The main idea is to evaluate the time-shift d as a difference between the average values of the direct and reflected signal for each half-cycle of oscillations. Unfortunately, experimental signals can contain various kinds of defects: splitting an oscillation into two oscillations, occurrence of an unformed oscillation etc ( Figure 5 ). The presence of these defects can lead to considerably errors in evaluations of the half-oscillation coordinates, and hence in the evaluation of the signal-shifts. As a rule, considerable defects arise near the heated wire. In order to reduce the influence of these defects, a special procedure is introduced for data conditioning. The procedure is based, first, on introducing a condition on the rate of the shift change: Figure 6 presents an example of results from thermal shift data processing by the above-described procedures. The ultrasound data were taken for the beam passing 0.8 mm away from the center of the heated wire. To relate these data with values of temperature increase, the assumption of axial symmetry of the temperature field was adopted, so that T(y=0.8 mm, z=0) is assumed to be equal to T(y=0, z=0.8 mm) measured by a temperature probe positioned in zone 1 (Figure 3) . Symbols in Figure 6 show experimental values of the signal shift that have remained after application of the data conditioning procedure and after removing points with excessive deviations from the approximating curve shown by solid line.
Results
The same data processing procedure was applied to the data recorded for all the beams (of 161) emitted by the ultrasound transducer. The ultrasound signal thermal shift strain is evaluated as   Figure 7 (as previously, the co-ordinate origin is located at the center of the wire). Generally, the map corresponds to axisymmetric temperature field arising during the unsteady heating of the tissue-mimicking material. However, a notable deviation from the axial symmetry is observed in the central part of the map that might be attributed to interaction of ultrasound beams with the wire.
As mentioned in Section 2, the temperature increase T  at a current point of ultrasound measurements can be calculated as TK   . Since the factor K is unknown for the used tissuemimicking material, a part of the obtained experimental data (the smaller one) can be used to estimate this coefficient, and the remaining part (the bigger one) can be used to check an overall consistency of the measurement results obtained with thermometer probes and with the ultrasound technique.
In the present work, the data corresponding to the points positioned along the z=0 line at 0.8 mm<y< 5.0mm was used for the purpose of the K-factor estimation. Figure 8 presents correlation of the thermal shift strain evaluated at these points and the temperature increase measured with temperature probes (here again the assumption of the temperature-field axial symmetry was used). Assuming a linear relation between T  and , we have evaluated the value of the K-factor for the tissue-equivalent material used as 540 °C. The K-factor obtained was used to convert the thermal shift strain map given in Figure 7 into a temperature increase map shown in Figure 9 . The central stripe-like zone in the temperature increase map, with z< 0.8 mm has been omitted due to unreliability of the data for this zone where the wire produces strong distortions of the ultrasound field. Comparing the temperature increase map obtained with the ultrasound thermometry with the map reconstructed from the temperature probes measurements (Figure 10 ), one can conclude that the ultrasound thermometry technique developed produces reasonable results. Additionally, Figure 11 presents difference between the temperature increase values obtained with the two methods. In the main, the difference does not exceed 2 °C . Conclusions A phantom of tissue-mimicking material has been designed to elaborate in detail the method of ultrasound thermometry based on phenomenon of temperature-sensitivity of the speed of sound. A long heated wire, 0.2 mm diameter, was used to get time-dependent axisymmetric temperature increase relative to the reference stationary state of the phantom material.
Analysis of the primary backscatter ultrasound data used for evaluation ultrasound signals shift due to temperature increase has shown that typically these data contain various kinds of defects, mostly pronounced in the vicinity of the wire and in the region of relatively small temperature increase. Original algorithms have been developed for the primary data conditioning and their approximation of a smooth function needed for quantitative evaluation of the thermal shift strain.
Synchronized test data for time-dependent material temperature field was obtained with a set of thermistor probes. These data were used both for the evaluation of the K-factor in the adopted linear relation between values of local thermal shift strain and temperature increase and for estimation of an overall accuracy of the developed ultrasound thermometry technique. For the tissue-mimicking material used, a value of the K-factor obtained by correlation of the mostly reliable part of the thermal shift strain data and the test temperature data is equal to 540 °C.
Overall comparison of the temperature maps obtained with the ultrasound thermometry with temperature probes measurements has shown a reasonably accuracy of the developed method of ultrasound diagnostics of temperature field. In the main, the difference does not exceed 2 °C.
Further work will be devoted to additional improvement of accuracy and robustness of the technique presented, as well as to its application to the case of anisotropic tissue-mimicking materials that approximate biological objects more properly.
